Abstract: This research was aimed at investigating the possible anti-HCV activity and identifying the responsible bioactive constituents of the anti-hepatitis ethnomedicinal plant Viola yedoensis, using HCV protease (PR) as target. This has led to the isolation and characterization of 3 coumarins from the plant, using various chromatographic procedures and the interpretation of spectral data in comparison with already existing data reported in literatures. One of the isolated compounds, 5, 5′-bi (6, 7-dihydroxycoumarin), a dimeric coumarin, potently inhibited HCV NS3/4A protease with an IC 50 value of 0.5 μg/ml, an uncommonly low IC 50 value (portending an uncommonly high inhibitory activity) for a nonpeptide protein binder. This dicoumarin, hereby for the first time reported for its anti-HCV PR activity, could become a molecular template for the development of novel anti-HCV drugs.
INTRODUCTION
The dried whole plant of Viola yedoensis Makino (Violaceae) is documented as an antifebrile and detoxicant drug used in the treatment of boils, furuncles, carbuncles, acute and chronic hepatitis and other infections in Traditional Chinese Medicine (TCM) [1] . Literature shows that V. yedoensis contains many chemical components, such as flavonoids [2] [3] [4] , coumarins [5] , phytosterol, alkaloids, volatile oils, carbohydrates, organic acids [1] , anthocyanins [6] , sulfonated carbohydrate polymer [7] , cyclotides, etc. [8] . Amongst these constituents, the sulfonated carbohydrate polymer and some cyclotides with macrocyclic peptide skeleton with three disulfide bonds have been reported to show potent anti-HIV activity [7] [8] . However, there has been no report, hitherto, on the anti-hepatitis activity of V. yedoensis, despite the wide application of this plant in the management and treatment of liver diseases in TCM [1] . As a serious global problem, Hepatitis C Virus (HCV) infection is worth being worried about: Approximately 3 % of the global population is infected with HCV [9] , the debilitating and lethal effects of which are manifest in its global recognition as a leading cause of cirrhosis, hepatocellular carcinoma and some other hepatic conditions requiring liver transplant. Current treatment with peginerferonrivbavirin is effective only in half of the patients, with statistics on the incidence of resistance to treatment worrisomely remaining on a steady increase [9] . Therefore, it is particularly urgent to develop new anti-HCV drugs that are highly effective and desirably with different structural scaffolds from the currently available ones, to possibly prevent (or at least delay) the emergence of resistance. Inhibiting the NS3/4A protease, a crucial enzyme in the maturation process of HCV, has been identified as an invaluable therapeutic strategy in the development of new anti-HCV drugs [10] [11] [12] . In a program therefore aimed at discovering anti-HCV compounds, we have investigated the extracts and constituents of many traditional herbal drugs for their anti-HCV activity in a number of HCV PR inhibition assays, leading to the identification of the anti-HCV activity of some phytochemicals including triterpenes, antrodins (maleic and succinic acid derivatives) [13] , and, of recent, three coumarins (1-3) (Fig1) isolated from V. yedoensis. One of these coumarins, (2), a dimeric coumarin, potently inhibited HCV PR. The relative concentrations of these coumarins in the plant were also determined by ultra-high-performance liquid chromatography-triple quadrupole mass spectrometry (UHPLC-QQQMS) method using a synthetic compound (4) as internal standard. 200 mesh, Qingdao Marine Chemical Inc., Qingdao, China) and octadecylsilane (ODS, 38 to 63 μm, Wako Pure Chemical Industries, Ltd., Osaka, Japan) were used in column chromatography. NMR spectra were acquired with a Bruker Avance III 500 spectrometer. UHPLC-DAD-ESI-MS experiments were performed on an Agilent 1290 infinity UHPLC-DAD system (Agilent Technologies Singapore (International) Pte. Ltd., Singapore) with an autosampler and a photo-diode array detector (DAD) coupled with an Agilent 6430 triple Quad MS. Preparative HPLC (PHPLC) was carried out on a CXTH LC3000 HPLC system (Beijing Chuangxintongheng Co., Beijing, China) with a TOSOH TSKgel ODS-80Ts column. SensoLyte 520 HCV fluorimetric Protease Assay Kit (lot# 1028) and HCV NS3/4A protease (lot# 103-075) purchased from Anaspec. Com. (San Jose, CA 95131, USA), were used for the HCV protease inhibition assay.
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Plant Materials
The plant material for this research was purchased from Anguo medicine market in Hebei province, China, and was identified as the whole plant of V. yedoensis by the authors.
Extraction and Isolation
The dried V. yedoensis (2 kg) was extracted with methanol under reflux 3 consecutive times lasting 2 h, 1 h and 30 min, in this order. The methanol solutions were combined and concentrated under reduced pressure. The concentrated extract was partitioned into petroleum ether, EtOAc, n-butyl alcohol and water, yielding 133 g, 81 g, 96 g and 47 g respectively after concentration to dryness. The EtOAc fraction was subjected to column chromatography over silica gel eluted with a solvent gradient of petroleum ether/EtOAc 
Sample Preparation
A 10 mg/ml stock solution of each of the compounds, extract and fractions was prepared in DMSO. A serial dilution of 1 mg/ml, 0.1 mg/ml, 0.01 mg/ml, and 0.001 mg/ml was made from each stock solution using DMSO as solvent. Each concentration was evaluated in the HCV PR inhibition assay. In the quantification experiments, a caffeic acid derivative (compound 4) synthesized in one of our earlier works [14] was used as internal standard (I.S.) as it contained a catechol moiety as most of the coumarins did.
HCV Protease Assay
The experiment was carried out in a 384-well black plate (BD Falcon) following the instructions provided by the supplier as follows: 2 μl of each sample solution (in DMSO) and 10 μl of a freshly prepared 50 dilution (made in assay buffers) of the enzyme substrate were put in a well. Similarly, DMSO and embelin [15] were used in place of test sample to set up negative and positive control wells respectively. This was followed by the addition of 8 μl of freshly prepared enzyme (0.5 μg/ml) into each well and subsequent incubation at 37˚C for 30 min. The fluorescence of the contents of each well was then measured at excitation /emission wavelengths of 490 nm/ 520 nm respectively by a Thermo
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Scientific Varioskan Flash (Thermo Fisher Scientific Oy D.O. Box100, FI-01621 Vantaa, Finland). Percentage inhibition was calculated as follows: % Inhibition = 100  (F vehicle -F sample )/F vehicle . The experiment was carried out in triplicates for each sample and the results were analyzed by a plot of average % inhibition versus sample concentrations. IC 50 , i.e., concentration producing 50% inhibition was determined from each curve.
Quantification of the Chemical Components with UPLC-DAD-ESI-MS
Samples were analyzed by UPLC-DAD-QQQMS with an Agilent ZORBAX SB-C18 RRHT column (50 x 2.1 mm i.d.; particle size 1.8 μm) at 30˚C. The mobile phase comprised of 0.1% formic acid in H 2 O (solvent A) and methanol (solvent B). The flow pattern was programmed as 70/30 A/B from 0.00min to 3.00min and 0/100 A/B from 3.00min to 5.00min. The injection volume was 2 μL and the rate of flow was 0.4 ml/min. MS analysis was performed in the negative ion mode, with a capillary, 3.5 kV; mass range, m/z 100 to 1500; Gas temperature, 350˚C; Gas flow, 11 L/min; Nebulizer, 45 psi. MS2 scan mode (negative) was chosen for qualitative analysis while multiple reaction monitoring (MRM) with negative polarity (Figure 2 was kept at 5 μg/ml. Standard curves were plotted using the concentration of compound as X-axis and the area ratio of compound to internal standard as Y-axis. Injection volumes were 2 μl for all compounds and extract.
RESULTS AND DISCUSSIONS
Identification of the Isolated Components of V. yedoensis
The structures of compounds 1-3 were determined by the interpretation of their MS and NMR data vis-a-vis already existing data. Compound 2, via its 2D NMR data, was found to be a symmetric analogue of the non-symmetric dicoumarin, dimeresculetin, earlier isolated from the same plant [16] . Compound 1 was identified as 6,7-dihydroxycoumarin, 2 as 5, 5′-bi (6, 7-dihydroxycoumarin) [17] [18] [19] and 3, a coumarin glycoside, first isolated from Viola by , as esculin [20] . Table 1 shows the inhibitory activity of the methanolic extract, various fractions and the three isolated compounds on HCV PR. Each of the methanol extract, petroleum ether, EtOAc and n-butanol fractions showed inhibitory activity on HCV PR at 100 μg/ml with percentage inhibitions of 86.53%, 67.90%, 65.01% and 52.10%, respectively, while the H 2 O fraction showed very low % inhibition (32.7%). The results suggest that the active constituents of the methanol extract are concentrated in the petroleum ether and EtOAc soluble fractions. The fact that the highest percentage HCV PR inhibition was ) obtained with the crude methanolic extract suggests the possible synegystic effects of the active components on each other or at least their potentiation by the presence of some other factors that may not necessarily have anti-HCV PR activity. In the bioassay of the pure compounds, compound 2 showed the highest percentage inhibition of 94.25 % at a concentration of 100 μg/ml, while compound 1 and 3 were almost inactive. Compound 2 is therefore a major contributor to the anti-HCV PR activity of V. yedoensis, and is most likely a major contributor to the antihepatitis ethnotherapeutic use of the plant [1] . The plot of average % inhibition versus concentration obtained from the assay of different concentrations of compound 2 yielded an IC 50 of 0.5 µg/ml ( Table 2 ). This IC 50 value, is much lower than the 87.7 µg/ml IC 50 value obtained for the positive control, embelin, in the same experiment, indicating that the dimeric coumarin inhibited HCV PR much more strongly than the positive control. Moreover, an IC 50 value as low as 0.5 µg/ml is rarely observed for non-peptides in enzyme inhibition assays, revealing the unusually high affinity of this dicoumarin for HCV PR and thereby suggesting the untapped potentials of dicoumarins in expanding the frontiers of anti-HCV drug discovery. 
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Quantification of the Constituents from Viola yedoensis Using UHPLC-ESI-MS
As shown in Table 3 , the calibration curves with the area ratios of standard compounds to internal standard as Y-axis and the concentrations of standard compounds as X-axis displayed good linearity. As shown in Table 4 , the quantification results of compounds 1-3 showed that the EtOAC soluble part and BuOH soluble part contained higher levels of compound 2, while little amount of 2 was found in petroleum ether soluble part. We deduced that compound 2 is the major contributor to the HCV protease inhibitory activity of the EtOAC and BuOH fractions, while some yet unidentified compounds played important roles in the HCV PR inhibition by the petroleum ether fraction. 
CONCLUSIONS
The MeOH extract of V. yedoensis was found to exhibit strong inhibitory activity against HCV NS3/4A protease. Amongst the different fractions, the petroleum ether and the EtOAc soluble parts were the most active, indicating that there were active components which are considerably lipophilic in this herbal drug. Three coumarins were isolated from the EtOAc fraction, including a dicoumarin (compound 2) which showed a remarkable HCV protease inhibition with an IC 50 of 0.5 μg/ml, an enzyme inhibition potency rarely encountered with non-peptide compounds. This work has, for the first time, reported the anti-HCV protease activity of the dicoumarin, 5, 5′-bi (6, 7-dihydroxycoumarin), isolated from V. yedoensis. Thus, it has provided a scientific evidence for the traditional use of V. yedoensis as a herbal medicine for liver diseases, the discovery of 5, 5′-bi (6, 7-dihydroxycoumarin) as a potential lead in the development of new anti-HCV drugs remaining of no less importance. Finally, the discovery, by this work, of the uncommonly high affinity of a dicoumarin for the viral enzyme may just have initiated an expansion of the frontiers of anti-HCV drug design.
